Endopeptidase 3.4.24.16 belongs to the zinc-containing metalloprotease family and likely participates in the physiological inactivation of neurotensin.The peptidase displays distinct features in pure primary cultured neurons and astrocytes. Neuronal maturation leads to a decrease in the proportion of endopeptidase 3.4.24.16-bearing neurons and to a concomitant increase in endopeptidase 3.4.24.16 activity and mRNA content. By contrast, there is no change with time in endopeptidase 3.4.24.16 activity or content in astrocytes. Primary cultured neurons exhibit both soluble and membrane-associated endopeptidase 3.4.24.16 activity. The latter behaves as an ectopeptidase on intact plated neurons and resists treatments with 0.2% digitonin and Na 2 CO 3 . Further evidence for an association of the enzyme with plasma membranes was provided by cryoprotection experiments and electron microscopic analysis.
Endopeptidase 3.4.24.16 belongs to the zinc-containing metalloprotease family and likely participates in the physiological inactivation of neurotensin.The peptidase displays distinct features in pure primary cultured neurons and astrocytes. Neuronal maturation leads to a decrease in the proportion of endopeptidase 3.4.24.16-bearing neurons and to a concomitant increase in endopeptidase 3.4.24.16 activity and mRNA content. By contrast, there is no change with time in endopeptidase 3.4.24.16 activity or content in astrocytes. Primary cultured neurons exhibit both soluble and membrane-associated endopeptidase 3.4.24.16 activity. The latter behaves as an ectopeptidase on intact plated neurons and resists treatments with 0.2% digitonin and Na 2 CO 3 . Further evidence for an association of the enzyme with plasma membranes was provided by cryoprotection experiments and electron microscopic analysis.
The membrane-associated form of endopeptidase 3.4.24.16 increased during neuronal differentiation and appears to be mainly responsible for the overall augmentation of endopeptidase 3.4.24.16 activity observed during neuronal maturation. Unlike neurons, astrocytes only contain soluble endopeptidase 3.4.24.16. Astrocytes secrete the enzyme through monensin, brefeldin A, and forskolin-independent mechanisms. This indicates that endopeptidase 3.4.24.16 is not released by classical regulated or constitutive secreting processes. However, secretion is blocked at 4°C and by 8 bromo cAMP and is enhanced at 42°C, two properties reminiscent of that of other secreted proteins lacking a classical signal peptide. By contrast, neurons appear unable to secrete endopeptidase 3. 4.24.16. Key words: neurons; astrocytes; endopeptidase 3.4.24.16; degradation; secretion; neuropeptides Endopeptidase 3.4.24.16 is a 75 kDa monomer peptidase that was previously purified from murine tissues (Checler et al., 1986b; Barelli et al., 1988 Barelli et al., , 1993 and from the brain of various other species (Yoshikawa et al., 1988; Millican et al., 1991; Dahms and Mentlein, 1992; Vincent et al., 1996) . Recently, the rat brain endopeptidase 3.4.24.16 was cloned (Dauch et al., 1995) and definitely ascribed to the zinc-containing metalloprotease family according to the consensus sequence of its active site. This enzyme was shown to ubiquitously participate in the catabolism of the neuropeptide neurotensin in vitro in various tissues and cell cultures from central and peripheral origin, giving rise to the biologically inert catabolites neurotensin 1-10 and 11-13 . Furthermore, we demonstrated that Pro-Ile, a specific dipeptide inhibitor of endopeptidase 3.4.24.16 (Dauch et al., 1991b) , drastically protected neurotensin from degradation in a vascularly perfused isolated dog ileum in vivo (Barelli et al., 1994) . Finally, we recently established by means of phosphoruscontaining peptide inhibitors targeting endopeptidase 3.4.24.16 (Barelli et al., 1992 ) that these phosphonamide agents enhanced the naloxone-insensitive neurotensin-induced analgesia after intracerebroventricular administration in mice . Altogether, these data strongly suggest that endopeptidase 3.4.24.16 is involved in the physiological regulation of neurotensin concentration in both the CNS and the gastrointestinal tract.
We previously established that pure cultured neurons from mouse cerebral hemisphere avidly degrade neurotensin (Checler et al., 1986a; Vincent et al., 1994) and that a restricted population of these cells express neurotensin receptors. Interestingly, 90% of these neurotensin receptor-bearing cells were also found to be immunopositive for endopeptidase 3.4.24.16 (Chabry et al., 1990) . This strong correlation between the neurotensin binding and inactivating entities further supports a role of the enzyme in neurotensin inactivation and indicates that pure cultured neurons constitute a relevant model to study endopeptidase 3.4.24.16 cell biology. Unlike neurons, cultured astrocytes exhibit little, if any, high-affinity neurotensin binding, although these cells also exhibit an endopeptidase 3.4.24.16 activity that contributes to the rapid breakdown of neurotensin (Mentlein and Dahms, 1994; Vincent et al., 1994) . Pure cultured neurons and astrocytes offer the possibility to examine the behavior of endopeptidase 3.4.24.16 during cell differentiation, subcellular distribution, and secretion processes. We demonstrate here that neuronal and astrocytic endopeptidase 3.4.24.16 exhibit distinct biological properties and likely play complementary roles in cerebral neurotensin catabolism.
MATERIALS AND METHODS
Materials. 7-Methoxycoumarin-3-carboxylyl-prolyl-leucyl-glycyl-prolyl-Dlysine-dinitrophenyl (QFS) was from Novabiochem (Meudon, France).
Prolyl-isoleucine, cytosine arabinofuranoside, polylysine, digitonin, and 8-bromo-cAMP were purchased from Sigma (St. Louis, MO). Neurotensin was obtained from Neosystem (Strasbourg, France). HAM F12 medium was from Life Technologies. Fetal calf serum was from Boehringer Mannheim. Cpp-Ala-Ala-Tyr-pAb was kindly provided by Drs S. Wilk and M. Orlowski (Mount Sinai School of Medicine, New York, NY). Phosphodiepryl 03 (N-(phenylethylphosphonyl)glycyl-prolyl-hexanoic acid) was synthesized and generously given by Dr V. Dive (CEN Saclay, Gif/Yvette).
Cell cultures. Primary cultures of neurons and astrocytes were prepared from the cerebral hemispheres of 14-d-old mouse embryos as described previously (Chabry et al., 1990; Vincent et al., 1994) . Briefly, cells were mechanically dissociated with a pipet in a HAM F12 medium supplemented with 10% fetal calf serum and 0.6% glucose. Dissociated cells were then plated at a density of 3.10 6 cells in 35 mm plastic tissue culture dishes precoated with polylysine (10 g/ml) and grown in a humidified atmosphere of 5% CO 2 /95% air. For neuron cultures, at the beginning of the third day and every 2 d thereafter, cytosine arabinofuranoside (5 M) was added in the medium during 24 hr to prevent glial cell proliferation. We previously established that these neuronal cultures were virtually devoid of astrocytic cells (Ͻ5%) as shown by the lack of glial fibrillary acidic protein (GFAP) immunoreactivity . Astrocytes were obtained from neuronal cultures that were not treated with cytosine arabinofuranoside but were maintained in 10% calf serum to prevent oligodendrocyte proliferation. We established that Ͼ95% of the cells prepared in this fashion exhibit GFAP, but not galactocerebroside or F4/80 immunoreactivities, indicating that they were virtually devoid of oligodendrocytes and microglia.
Endopeptidase 3.4.24.16 immunolabeling of primary cultured cells. Fourday-old plated neurons and 15-d-old plated astrocytes were immunolabeled for endopeptidase 3.4.24.16 as described (Chabry et al., 1990 ) using the IgG-purified fraction of a monospecific rabbit polyclonal antiserum directed toward the rat brain purified enzyme (Checler et al., 1989) . Briefly, cells were rinsed twice in 50 mM Tris-HCl containing 140 mM NaCl (buffer A) and fixed with glutaraldehyde 3.5% for 1 hr at 4ЊC. Cryoprotection was performed by incubation with a 0.12 M phosphate (PO4) buffer containing 30% sucrose. Cells were then frozen for 15 sec at Ϫ40ЊC in methyl-2 butane. To block nonspecific labeling, cells were preincubated for 1 hr in buffer A containing 1% BSA (buffer B) and then incubated overnight at 4ЊC with a 1:250 dilution (in buffer B) of the immune or preimmune IgG fractions. Finally, plated cells were exposed for 90 min to a 1/200 dilution of goat anti-rabbit IgG coupled to peroxidase, and rinsed twice with buffer A before initiating the reaction with 3-3Јdiaminobenzidine (DAB). Cells were then dehydrated with graded ethanol, counterstained for 30 sec with cresyl violet, coverslipped with glycerol, and examined with a Leitz Aristoplan microscope.
Electron microscopy. Electron microscopic localization of endopeptidase 3.4.24.16 immunoreactivity was performed in the midbrain tegmentum of the adult rat. Briefly, adult male Sprague-Dawley rats were perfused transaortically with 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M (PO4) buffer. The brains were removed, the midbrain blocked, and the blocks immersed in the same fixative for 1 hr. Sections, 35 m thick, were cut on a Vibratome (Lancer) and collected in 0.1 M phosphate buffer. The peroxidase-antiperoxidase immunocytochemical procedure used for the visualization of endopeptidase 3.4.24.16 immunoreactivity was identical to that described previously (Woulfe et al., 1992) . Visualization of bound peroxidase was achieved by reaction with a solution of 0.1 M TBS containing 0.05% DAB and 0.01% H 2 O 2 . After reaction with the DAB-H 2 O 2 solution, sections were post-fixed for 1 hr in 2% OsO 4 , dehydrated in graded ethanol, and embedded in Epon between plastic coverslips. Ultrathin sections were collected from the surface of each Epon block, deposited onto copper grids, counterstained or not with Reynold's lead citrate, and examined with a Jeol 100 CX electron microscope.
Preparation of cell subcellular fractions. Primary cultured neurons and astrocytes were washed twice with PBS Ϫ buffer containing (in mM) 140 NaCl, 8.5 Na 2 HPO 4 , 2.7 KCl, 1.5 KH 2 PO 4 ), pH 7.4, scraped in 5 mM Tris-HCl, pH 7.5, and homogenized with a syringe. Homogenates were centrifuged (4ЊC, 35 min, 150,000 ϫ g), and supernatants (soluble fraction) were collected. The pellets, referred to as membrane-associated fractions, were resuspended in the same volume of Tris-HCl, pH 7.5. For extraction experiments with Na 2 CO 3 , pellets were resuspended in TrisHCl, pH 7.5, containing 0.1 M Na 2 CO 3 , pH 7.5, and maintained at 4ЊC for 3 hr. Samples were then centrifuged as above, and residual pellets were homogenized in 5 mM Tris-HCl, pH 7.5, and submitted to SDS-PAGE and Western blot analysis.
Effect of digitonin on intact neurons and astrocytes. Four-day-old neurons and 15-d-old astrocytes were resuspended in PBS Ϫ buffer, pH 7.4, centrifuged for 1 min at 5000 ϫ g, and resuspended in PBS Ϫ or in PBS Ϫ containing 0.2% digitonin to permeabilize cells without solubilizing membrane proteins. Samples were then maintained at 4ЊC for 3 hr and centrifuged (4ЊC, 35 min, 150,000 ϫ g). Supernatants were removed, pellets were resuspended in the same volume of PBS Ϫ , and both fractions were analyzed for endopeptidase 3.4.24.16 immunoreactivity by Western blot.
HPLC analysis of neurotensin degradation by plated cells. Four-day-old plated neurons or 15-d-old plated astrocytes were incubated for 2 and 3 hr, respectively, at 37ЊC, with 10 nmol (10 M) neurotensin in PBS Ϫ containing 1% glucose in the absence or in the presence of 10 mM Pro-Ile or phosphodiepryl 03 [N-(phenylethylphosphonyl)-glycyl-prolyl-Laminohexanoic acid, 100 nM]. Supernatants were taken out, acidified with 100 l of 1 M HCl, and the equivalent of 1 nmol of neurotensin was submitted to HPLC analysis. Samples were applied to a reverse phase C 18 lichrosorb column (Merck, Darmstadt, Germany). Elutions were performed with the trifluoroacetic acid/triethylamine system as described previously . Absorbance was monitored at 230 nm with a detector setting of 0.05 full scale.
Fluorimetric analysis of QFS degradation. Plated neurons or astrocytes were incubated for 0 -240 min at 37ЊC with QFS (Mcc-Pro-Leu-Gly-Pro-D-Lys-Dnp, 50 nmol, 50 M) in a final volume of 1 ml of PBS-1% glucose, pH 7.4, in the absence or in the presence of Pro-Ile (10 mM). Cpp-AlaAla-Tyr-pAb (0.5 M) was added to all incubations to prevent the contribution of endopeptidase 3.4.24.15 to QFS-hydrolysing activity. At the end of the incubations, 100 l of supernatants (5 nmol of QFS) were taken out, acidified with 2 ml of 80 mM sodium formate, pH 3.7, and the activity was fluorimetrically recorded at ex 345 nm and em 405 nm as described previously (Dauch et al., 1991a) . Studies on QFS hydrolysis by various cell fractions were performed with 10 -20 g of proteins in a final volume of 100 l in the conditions described above.
Secretion of endopeptidase 3.4.24.16 . For secretion experiments, primary cultured neurons and astrocytes were grown in 35 mm dishes in HAM F12 medium containing 10% FCS during 4 and 15 d, respectively. The medium was removed and the cells were gently washed twice with PBS Ϫ buffer. Cells were then incubated at 4ЊC, 37ЊC, or 42ЊC with 1 ml of PBS Ϫ or PBS ϩ (PBS Ϫ with 1.8 mM CaCl 2 ) buffer containing 1% glucose, in the absence or in the presence of various drugs. At appropriate time intervals, media (referred to as secreted fractions) were collected, and remaining cells (referred to as cellular fractions) were washed twice with PBS Ϫ , scraped with a rubber policeman in 1 ml of 5 mM Tris-HCl, pH 7.5, and homogenized with a syringe. Lactate dehydrogenase was assayed as described previously (Kostka et al., 1987) in all secreted fractions, whereas endopeptidase 3.4.24.16 activity was measured in both fractions using QFS as described above. At the end of the secretion procedure, cell viability was checked by trypan blue exclusion.
SDS-PAGE and Western blot analysis. Samples (5-20 g of proteins) were dried and resuspended in 30 l of sodium phosphate buffer, pH 7.5, containing 2% SDS and 5% ␤-mercaptoethanol. Aliquots were then boiled and electrophoresed in 8% acrylamide gels according to the procedure of Laemmli (1970) . Proteins were blotted on nitrocellulose according to a procedure described previously (Towbin et al., 1979) . Endopeptidase 24.16 was immunolabeled with the IgG-purified fraction of a monospecific polyclonal antiserum developed against the rat brain enzyme (Checler et al., 1989) . Hybridization with antibodies and revelation of the IgG-peptidase complex were performed as described previously (Checler et al., 1989) , except that the goat anti-rabbit IgG coupled to peroxidase was used at a 1/1000 dilution.
Northern blot analysis. Total mRNAs were isolated from primary cultures of neurons and astrocytes on CsCl gradients as described (Chirgwin et al., 1979) . Twenty micrograms of each RNA sample were electrophoresed on a 1% agarose/2.2 M formaldehyde gel. The location of 28S and 18S ribosomal RNA was determined by staining with ethidium bromide. mRNAs were then transferred onto a nylon membrane, crosslinked with ultraviolet light, and hybridized with the PCR fragment (1390 pb) derived from the endopeptidase 3.4.24.16 7a clone, obtained as described previously (Dauch et al., 1995) , and labeled with 32 P by random-priming, Promega) and with a 32 P glyceraldehyde-phosphate dehydrogenase (GAPDH) probe (internal standard for cheeking the amount of loaded RNA). Hybridization was performed overnight at 42ЊC in 50% formamide, 5ϫ SSC, 10% dextran sulfate, 2ϫ Denhardt's solution, and 0.1 mg/ml heat-denatured calf thymus DNA. The nitrocellulose was washed four times at 65ЊC in 2ϫ SSC, 0.1% SDS. Autoradiography was performed at Ϫ70ЊC for 3 d.
Protein concentration. Protein concentrations were determined by the Bradford method according to the manufacturer's recommendations with white egg lysosyme as the standard.
RESULTS
It has been clearly established that neurons in primary cultures can enter a differentiation program (Yavin and Yavin, 1974) . Morphologically, these cells are spherical in shape at a nondifferentiated stage and progressively display extended processes that ultimately give rise to a typical network of interconnecting fibers after 24 hr to 4 d in culture. These same features were observed in our primary neuronal cultures 4 d after plating (Fig. 1) . The cells were consistently GFAP-immunonegative, indicating a virtual lack of astrocytic growth (not shown). By contrast, a subpopulation of cultured neurons showed positive immunostaining for the IgG-purified fraction of an antiserum specific to the rat brain endopeptidase 3.4.24.16 (Fig. 1) . The proportion of endopeptidase 3.4.24.16-immunopositive neurons varied with the degree of cell differentiation, decreasing from almost 100% 2 hr after plating to a plateau value of 40% between 4 and 8 d (Fig. 2 A) . Parallel measurement of the Pro-Ile-sensitive QFS-hydrolysing activity that can be ascribed to endopeptidase 3.4.24.16 (Dauch et al., 1991a) showed a marked increase in total endopeptidase 3.4.24.16 activity during neuronal differentiation (Fig. 2 A) . Northern blot analysis also showed an apparent increase in the 5 kb endopeptidase 3.4.24.16 mRNA during the same period (Fig. 3) , and ethidium bromide labeling revealed similar amounts of both 18S and 28S ribosomal mRNAs (not shown). Overall, this suggests that the level of enzyme expression is under the control of transcriptional events that are modulated during differentiation, although a difference in the stability of the mRNA taking place during maturation cannot be definitely excluded.
Unlike in neurons, astrocytes in culture for 15 d displayed homogenous endopeptidase 3.4.24.16 immunostaining (Fig. 1) . Such a uniform distribution of astrocytic endopeptidase 3.4.24.16 was observed at all times in culture (not shown). Furthermore, the total activity of the enzyme did not vary with the time in culture (Fig. 2 B) .
Subcellular fractionation indicated that the main endopeptidase 3.4.24.16 activity was present in the 150,000 ϫ g supernatant of whole neuron and astrocyte homogenates (Fig. 4 A) . However, 10 -20% of the activity was consistently recovered in the membrane-associated pellet after high-speed centrifugation (Fig.  4 A) . The dual distribution of the enzyme activity in the soluble and membrane-associated compartments was corroborated by the immunodetection of endopeptidase 3.4.24.16 in both fractions (Fig. 4 A, bottom) . To examine whether the enzyme activity was inside vesicular organelles or loosely bound to membranes, we examined the effect of digitonin (at a concentration that permeabilizes cells and intracellular vesicles without altering membrane integrity) (Sambamurti et al., 1992) and Na 2 CO 3 (which depletes the membrane from loosely associated proteins). Neuronal membrane-associated endopeptidase 3.4.24.16 resisted treatments with digitonin ( Fig. 4B) and Na 2 CO 3 (Fig. 4C ) indicating, at a biochemical level, that the enzyme was neither inside vesicles nor weakly absorbed to the membrane, but that it was truly membrane-associated. By contrast, these treatments drastically lowered or fully abolished both the immunolabeling observed in astrocytic membranes (Fig. 4B,C) and the enzymatic activity (not shown), indicating that no fraction of astrocytic endopeptidase 3.4.24.16 was genuinely membrane-associated.
The membrane-associated form of neuronal endopeptidase 3.4.24.16 activity was only marginal at early stages of differentiation, but increased drastically during maturation (Fig. 5A) . The soluble fraction of the enzyme also increased during the same period, but proportionally less, so that the net result was an augmentation of the membrane-associated versus soluble enzyme (Fig. 5B) . This increased recovery of the enzyme in the membrane-associated fraction was corroborated by an enhanced immunoreactivity detected by Western blot in neuronal cultures (Fig. 5C ).
To determine whether this membrane-associated form of endopeptidase 3.4.24.16 behaved as an ectopeptidase, i.e., with its catalytic site exposed to the extracellular medium, we submitted neurotensin and QFS to degradation by intact plated neurons. Figure 6B indicates that exposure of the peptide to these intact cells resulted in the production of neurotensin 1-10, the formation of which was significantly reduced ( p Ͻ 0.0001) by previous treatment of the cells with the endopeptidase 3.4.24.16-specific dipeptide inhibitor Pro-Ile (Dauch et al., 1991b) and by phosphodiepryl 03 (Fig. 6D) (Barelli et al., 1992) . Furthermore, plated neurons efficiently cleaved QFS in a Pro-Ile-sensitive manner (Fig. 6E) . By contrast, plated astrocytes also generated neurotensin 1-10 (Fig. 6A ), but the formation of this catabolic product was insensitive to the endopeptidase 3.4.24.16 inhibitors (Fig. 6C) . Accordingly, plated astrocytes displayed very little, if any, Pro-Ilesensitive QFS-hydrolysing activity (Fig. 6E) .
Having established that the neuronal membrane-associated form of endopeptidase 3.4.24.16 increased during differentiation (Fig. 5) , we examined the ability of intact plated neurons to cleave QFS at various stages of differentiation. As can be seen in Figure  7 , the ectoenzyme form of endopeptidase 3.4.24.16 was not detectable 2 hr after plating, but gradually increased thereafter, clearly confirming that endopeptidase 3.4.24.16 undergoes a targeting to a membrane-associated compartment during neuronal maturation.
To definitely establish that neuronal endopeptidase 3.4.24.16 genuinely exists in a membrane-associated form, we examined the effect of cryoprotection of neurons and astrocytes on the immunolabeling of endopeptidase 3.4.24.16. In the absence of cryoprotection, one would expect to lose the immunolabel attributable to intracellular, but not to membrane-associated, endopeptidase 3.4.24.16 (Rosene and Rhodes, 1990) . Figure 8 indicates that 4-d-plated neurons retained their immunopositivity in the absence of cryoprotection, confirming that a population of the cells indeed expressed a membrane-bound form of endopeptidase 3.4.24.16. By contrast, in the absence of cryoprotection, astrocytic cultures were totally devoid of immunoreactivity (Fig. 8) indicating that, unlike neurons, astrocytes contain only a soluble form of endopeptidase 3.4.24.16 in agreement with our biochemical analysis. In keeping with the preceding observations, electron microscopic analysis of endopeptidase 3.4.24.16 immunoreactivity in the midbrain tegmentum of the adult rat brain revealed striking differences in the subcellular distribution of the immunolabeling between neurons and astrocytes (Fig. 9) . In nerve cell bodies (Fig.  9a) and dendrites ( Fig. 9c-e) , the immunoreactivity was mainly concentrated over restricted portions of the plasma membrane. Dense peroxidase deposits were also associated with intracellular organelles clustered beneath the immunoreactive membrane segments (Fig. 9c-e, arrows) . By contrast, in astrocytes, the immunolabel was diffusely distributed throughout the cytoplasm of both cell bodies (not shown) and distal processes (Fig. 9a,b) , with no obvious predilection for either the plasma membrane or intracellular organelles. Incubation with preimmune serum, omission of the primary antiserum, or previous incubation of immune serum with purified endopeptidase 3.4.24.16 totally abolished both neuronal and glial immunoreactivity. Taken together, these data indicate that the differences between the subcellular distribution of neuronal and glial forms of the enzyme observed in cell culture also occur in vivo.
Our previous electron microscopic study revealed the occurrence, within the midbrain tegmentum, of endocytic invaginations at the level of appositions between endopeptidase 3.4.24.16-immunoreactive neurons and astrocytes, suggesting a possible translocation of the enzyme between these two elements (Woulfe et al., 1992) . This finding prompted us to investigate the possibility of a secretion of endopeptidase 3.4.24.16 by either astrocytes or neurons. In astrocyte cultures, our experiments revealed a timedependent secretion of endopeptidase 3.4.24.16 that reached by 10 hr a plateau value corresponding to ϳ40% of the activity initially present in whole cells (Fig. 10 A) . Parallel experiments indicated that Ͻ2% of total lactate dehydrogenase activity was present in the medium after 1 hr and that this value did not change during the kinetics of secretion (not shown), ruling out the possibility of nonspecific leaking of enzymatic material in the extracellular medium. By contrast, virtually no endopeptidase 3.4.24.16 activity was recovered from the supernatant of cultured neurons (Fig. 10 A) . As can be seen in Figure 10 (B,C), the increase in endopeptidase 3.4.24.16 activity (Fig. 10B) or immunoreactivity (Fig. 10C ) in astrocyte supernatant was accompanied by a decrease of both parameters in the corresponding cell extracts. Altogether, the sum of secreted and cell-extracted activities (10 g) in soluble and membraneassociated fractions of neurons and astrocytes shows a single immunoreactive band around 75 kDa. B, Cells were prepared as described in Materials and Methods and incubated in the absence (Control) or in the presence of 0.2% Digitonin. Aliquots were then centrifuged (4ЊC, 35 min, 150,000 ϫ g), and 5-15 g of protein of supernatants (S) and pellets (P) were electrophoresed and analyzed by Western blot. C, Membraneassociated fractions of primary cultured neurons and astrocytes (5 and 50 g of protein, respectively) were treated with 0.1 M Na 2 CO 3 and centrifuged, and resulting pellets (P) were analyzed by Western blot. Figure 5 . Soluble and membrane-associated endopeptidase 3.4.24.16 activity during differentiation of primary cultured neurons. A, Primary cultured neurons were scraped at the indicated differentiation times in 5 mM Tris-HCl, pH 7.5, and subcellular fractions were prepared as described in Materials and Methods. Both soluble (white bars) and membraneassociated (black bars) fractions were tested for their QFS-hydrolysing activities as described in Materials and Methods. B illustrates the ratio between QFS-hydrolysing activity in membrane-associated versus soluble fractions according to differentiation time. C, Five micrograms of membrane-associated fractions taken at 1, 3, 5, and 7 d of culture were dried, submitted to an 8% acrylamide gel, and analyzed by Western blot with the anti-E 3.4.24.16 IgG fraction as described in Materials and Methods. corresponded to the activity initially present in whole-cell homogenates. Furthermore, the secretion process was not greatly affected by previous treatment of astrocytes by cycloheximide (Table 1). Altogether, this indicates that the turnover of the peptidase in the astrocytes was markedly slow. Treating the cells with 8 bromo cAMP or lowering the temperature drastically reduced or fully blocked the secretion of endopeptidase 3.4.24.16 from cultured astrocytes, whereas increasing the temperature accelerated the secretion process (Table 1) . Forskolin did not influence the secretion of endopeptidase 3.4.24.16 by astrocytes (Table 1) . Furthermore, several agents known to affect secretory processes such as ionomycin, TPA, monensin, brefeldin A, and chloroquin did not influence the secretion of endopeptidase 3.4.24.16 by astrocytes (Table 1) .
DISCUSSION
Neuronal endopeptidase 3.4.24.16 expression is regulated during the maturation process. At a nondifferentiated stage, most of the neurons expressed the enzyme in a soluble form. During differentiation, the population of immunopositive neurons decreased, whereas the activity of the enzyme concomitantly increased. Overall, this indicates that the neuronal differentiation program leads to the selection of a restricted population of neurons overexpressing endopeptidase 3.4.24.16. Although one cannot exclude the possibility that the appearance of the network of synaptic connections could also contribute to enhanced stability of the enzymatic activity, this increase in the production of the enzyme appears likely to be attributable to the activation of transcriptional events, given the concomitant apparent increase in the 5 kb endopeptidase 3.4.24.16 mRNA. It is striking that Northern blot analysis performed on the whole rat brain tissue with the same labeled probe also revealed two polyAϩ mRNA species of 3 and 5 kb, but with increased intensity for the former species (Dauch et al., 1995) . One possible explanation of such difference in the relative intensities could be overloaded total mRNAs (present study), causing increased nonspecific background concentrating into an apparent band at 5 kb. However, this seems unlikely because Northern blot analysis performed on identical amounts of total mRNA from whole rat brain also led to prominent 3 kb mRNA labeling (not shown). Whether the distinct pattern observed between the previous study (Dauch et al., 1995) and the present work could be accounted for by species difference, i.e., rat versus mice, remains to be established.
The increase in endopeptidase 3.4.24.16 activity during neuronal maturation coincides with the appearance of a membraneassociated form of endopeptidase 3.4.24.16. This late-occurring form appears genuinely associated with the membrane as it resists treatments with digitonin and Na 2 CO 3 and displays an ectopeptidasic activity in intact plated neurons. The existence of this ectopeptidase form was further confirmed by the resistance of endopeptidase 3.4.24.16 immunoreactivity in the absence of cryoprotection. Unlike neurons, all astrocytes expressed endopeptidase 3.4.24.16 between 15 and 60 d in culture. The activity of the enzyme did not vary during this time period. Accordingly, the membrane-associated form of the enzyme detected in neurons never appeared in astrocytes.
Electron microscopy confirmed that neurons and astrocytes exhibited the same differential subcellular distribution in intact brain as they did in culture. In neurons, endopeptidase 3.4.24.16 was associated mainly with segments of the plasma membrane and intracellular membrane-bound organelles, in keeping with the occurrence of the membrane-associated form of the enzyme demonstrated biochemically. Interestingly, labeled vesicles were usually clustered immediately beneath the hot spots of membrane immunostaining, suggesting that they might correspond to recycling portions of the membrane. Whether the enzyme participates in the intracellular degradation of neurotensin after internalization of ligand-receptor complexes as this occurs in neurons of the substantia nigra and ventral tegmental area remains to be demonstrated. By contrast, in astrocytes, endopeptidase 3.4.24.16 was distributed throughout the cytoplasm of cell bodies and processes Fifteen-day-old plated astrocytes were incubated for 6 hr (except *, which was incubated for 1 hr) in the conditions indicated, then secreted endopeptidase 3.4.24.16 activity was measured with QFS as described in Materials and Methods. Values correspond to the QFS-hydrolysing activity recovered in the medium and are expressed as the percent of the activity recovered in the medium in control conditions. Values are the mean Ϯ SEM of three to five independent experiments. in conformity with biochemical results that suggest an exclusive soluble form of the enzyme in this cell type.
It should be noted that Serizawa et al. (1995) reported on the purification and characterization of a rat liver peptidase called oligopeptidase M that displays an N-terminal sequence identical with that deduced from the endopeptidase 3-4-24-16 sequence (Dauch et al., 1996) . Biochemical analysis of the subcellular distribution of oligopeptidase M indicated that the activity seems to be associated with the inner mitochondrial membrane fraction (Serizawa et al., 1995) . However, our characterization of the endopeptidase 3.4.24.16 at the electron microscopic level never revealed the association of the enzyme with this intracellular organelle.
The recent molecular cloning of rat brain endopeptidase 3.4.24.16 allowed to reveal two mRNA species of 3 and 5 kb, respectively (Dauch et al., 1995) . It is not yet clear whether the two mRNAs exhibit variable length in their 3Ј noncoding region or whether the high molecular weight mRNA represents an intermediate, immature form of the low molecular weight mRNA. However, the possibility that the two mRNAs correspond to the membrane-associated and soluble forms of endopeptidase 3.4.24.16 may be readily excluded, because we consistently detected a single immunolabeled protein of the expected molecular weight in crude tissues thought to display the two distinct forms of endopeptidase 3.4.24.16 (Checler et al., 1989) . Furthermore, both a major soluble form of the enzyme and a minor fraction behaving as the membrane-associated form (and of the same apparent molecular weight) were recovered from COS-7 cells transiently expressing the 2448 bp isolated cDNA encoding endopeptidase 3.4.24.16 (Dauch et al., 1995) .
The sequence of endopeptidase 3.4.24.16 did not reveal the presence of a signal peptide that could serve to anchor the enzyme as it is the case for type II intrinsic proteins (for review, see Ehlers and Riordan, 1991) . Furthermore, although three putative glycosylation sites exist in the enzyme, our experiments on purified (Checler et al., 1986b) and recombinant endopeptidase 3.4.24.16 (Dauch et al., 1995) clearly showed that the peptidase did not undergo glycosylation. Finally, the enzyme does not belong to the glycosyl phosphatidylinositol-anchored proteins, as shown by our experiments demonstrating that the renal membrane-associated endopeptidase 3.4.24.16 was not released by treatment with phosphatidylinositol-specific phospholipase C (Barelli et al., 1993) . Two structural features remain that could account for the anchoring of endopeptidase 3.4.24.16 to the membrane. First, there exists few hydrophobic domains, as deduced from the hydropathic profile of the enzyme (Dauch et al., 1995) , that could mediate protein-protein interactions. Second, we detected two stretches of charged residues in the middle of the endopeptidase 3.4.24.16 sequence. Interestingly, a similar cluster of charged residues was found in a proteolytic activity, the N-arginine dibasic convertase (Pierotti et al., 1994) , as well as in two other types of proteins: carboxypeptidase E (CPE), where this type of sequence (Fricker et al., 1986) acts as an amphiphilic helix responsible for the attachment of CPE to the membrane (Mitra et al., 1994) , and complexins in which comparable stretches of hydrophilic residues have been implicated in their interaction with the SNAP-receptor core complex (McMahon et al., 1995) . Altogether, these observations are consistent with the possibility that endopeptidase 3.4.24.16 interacts with proteins able to target the enzyme to the membrane via its hydrophilic sequence. Whether such putative intermediate protein is present in neurons but not in astrocytes remains to be established. The deletion of the stretch of polarized residues by site-directed mutagenesis and subsequent transfection analysis should allow us to assess whether the removal of this sequence abolishes the occurrence of the membrane-associated form of endopeptidase 3.4.24.16 in transfectants.
We have demonstrated that primary cultured astrocytes secreted endopeptidase 3.4.24.16. As discussed previously, the sequence of rat brain endopeptidase 3.4.24.16 does not contain the typical signal peptide necessary to trigger classical regulated and constitutive secretory mechanisms. Accordingly, astrocytic endopeptidase 3.4.24.16 secretion was not prevented by treatment with brefeldin A or monensin, two agents known to interfere with endoplasmic reticulum and Golgi transits, respectively. Furthermore, forskolin did not modify the enzyme secretion, indicating that this mechanism was not under the control of cAMP-regulated events.
Several studies recently have postulated the existence of an additional, nonconventional secretory pathway for proteins lacking the canonical signal peptide sequences (for review, see Muesh et al., 1990; Halban and Irminger, 1994) . Interleukin-1␤ is an example of a protein that lacks a signal peptide and is secreted Figure 9 . Ultrastructural distribution of endopeptidase 3.4.24.16 in the midbrain tegmentum of the adult rat. a, Three densely immunoreactive astrocytic leaflets are visible in this field of the midbrain tegmentum. Each of them is apposed to a cross-sectioned dendritic profile. At the bottom of the field, a neuronal soma exhibits a discrete patch of endopeptidase 3.4.24.16 immunoreactivity. The immunoreactivity is restricted to a short segment of the plasma membrane (arrow) and underlying cytoplasm. Scale bar, 1 m. b, Two immunoreactive astrocytic leaflets seal off a synaptic junction between an axon terminal and an unlabeled dendritic shaft. Note that the reaction product pervades the entire glial cytoplasm. Scale bar, 0.5 m. c, d, e, Endopeptidase 3.4.24.16-immunoreactive dendrites. In all three of these labeled dendritic shafts, the reaction product is concentrated along restricted zones of the plasmalemma (arrowheads), as well as within microtubules and/or vesicular organelles (arrows). Whereas the subplasmalemmal labeling in c and d is clearly extrasynaptic, the reaction product in e may be masking a postsynaptic specialization. Scale bar, 0.5 m.
through a temperature-dependent mechanism . Interleukin-1␤ secretion is blocked at 4ЊC and highly increased at 42ЊC, two properties that are reminiscent of those observed in the case of astrocytic endopeptidase 3.4.24.16 secretion. Similarly, endopeptidase 3.4.22.19, which also lacks a signal peptide, is released from the astrocyte-derived C6 glioma cell line (Ferro et al., 1993) . Therefore, endopeptidase 3.4.24.16 is not the only example of proteolytic activity undergoing a secretion process without exhibiting the structural requirements generally associated with classical secretory proteins. The molecular events or putative additional cofactors that prevent this type of secretion from occurring in neurons remain to be determined.
To our knowledge, the present study is the first demonstration of major differences in the properties of a peptidase linked to the nature of the host cell. Whether these differences reflect complementary roles of the enzyme on peptide inactivation remains to be established. In this context, it is interesting to note that, at the level of neurotensinergic pathways, endopeptidase 3.4.24.16-immunopositive astrocytic elements are often directly apposed to endopeptidase 3.4.24.16-immunoreactive nerve cell bodies and/or dendrites (Woulfe et al., 1992) . It is therefore tempting to speculate that although the endopeptidase 3.4.24.16 secreted form of astrocytes would act in the extracellular space, thereby restricting diffusion of released neurotensin, the neuronal membraneassociated activity would be responsible for the physiological inactivation of the peptide either in the synaptic cleft, beside neurotensin receptors, or inside early endosomal compartments in which receptor-ligand complexes would have been internalized (Mazella et al., 1991) . 
